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The static and dynamic compaction of ceramic powders was investigated experimentally using a high-pressure friction-
compensated press to achieve static stresses of 1.6 GPa and with a novel gas gun setup to stresses of 5.9 GPa for a tungsten
carbide powder. Experiments were performed in the partial compaction region to nearly full compaction. The eﬀects of
variables including initial density, particle size distribution, particle morphology, and loading path were investigated in
the static experiments. Only particle morphology was found to signiﬁcantly aﬀect the compaction response. Post-test exam-
ination of the powder reveals fracture of the grains as well as breaking at particle edges. In dynamic experiments, steady
structured compaction waves traveling at very low velocities were observed. The strain rate within the compaction waves
was found to scale nearly linearly with the shock stress, in contrast with many fully dense materials where strain rate scales
with stress to the fourth power. Similar scaling is found for data from the literature on TiO2 powder. The dynamic response
of WC powder is found to be signiﬁcantly stiﬀer than the static response, probably because deformation in the dynamic
case is conﬁned to the relatively narrow compaction wave front. Comparison of new static powder compaction results with
shock data from the literature for SiO2 also reveals a stiﬀer dynamic response.
 2006 Elsevier Ltd. All rights reserved.
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The compaction of ceramic powders using both static (Glass and Ewsuk, 1997) and dynamic (Graham and
Sawaoka, 1987) processes has been extensively studied from the standpoint of the manufacture of nearly fully
dense ceramics with unique microstructures from precursor ceramic powders. In these investigations, the
eﬀects of pressure and temperature histories, along with the presence of sintering aids, on the properties of
the resulting ceramic were studied. However, less work has been done to understand the dynamic compaction
of ceramics in a quantitative manner, and the physical processes involved in removing porosity are poorly0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.05.001
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Besides manufacturing issues, the behavior of ceramic powders under dynamic loading is important for under-
standing the behavior of geological materials for seismic coupling (Lysne, 1970), penetration (Allen et al.,
1957), and planetary science applications (Housen and Holsapple, 2003), as well as the performance of ceramic
armor (Shockey et al., 1990).
The shock compaction of foams, powders, and porous materials has been studied at high stresses for the
determination of thermal aspects of material behavior (e.g. Trunin (2004)) and at lower stresses for the devel-
opment of models for the collapse of porosity. The literature on dynamic compaction is extensive; many ref-
erences can be found in two review papers (Gourdin, 1986; Trunin, 2004) as well as the books by Davison
et al. (1997) and Nesterenko (2001). A common characteristic of studies of highly distended materials is sig-
niﬁcant experimental diﬃculties that result in rather large scatter and experimental uncertainty.
The static compaction of ceramics in a die, usually at relatively low stresses, has been studied for improving
performance and reliability of dry pressing processes (Glass and Ewsuk, 1997). Several investigations have
been performed on the high-pressure behavior of sand (e.g. (Yamamuro et al., 1996)) under uniaxial strain
loading, but the highest reported stresses have been approximately 850 MPa. Finally, porous and fractured
geologic materials (Stephens et al., 1970) and ceramic powders (Gourdin and Weinland, 1985) have been stud-
ied under essentially hydrostatic loading to around 4 GPa.
Shock data on a variety of porous ceramic materials, including geological materials, can be found in the
LASL Compendium (Marsh, 1980), but only a few (CeO2 and UO2) have been tested at large porosities
(>40%), and most of the data for those materials are for high stresses. Additional results for compaction
of highly porous ceramics can be found for Al2O3 (Erlich and Curran, 1976), MnO2 (Bugaeva et al., 1979),
MgO (Troﬁmov et al., 1968), and TiO2 (Bugaeva et al., 1979; Trunin et al., 1974). Investigations that include
the stress regime where partial compaction occurs include a time-resolved study of TiO2 to 6 GPa (Anderson
et al., 1994), studies of snow (arguably ceramic-like, albeit with a low melting point) from its natural low den-
sity state and from a pre-compacted state (Furnish et al., 1995; Johnson et al., 1993; Trunin et al., 1999), a few
studies of aluminum nitride powder under both static and shock loading (Gourdin and Weinland, 1985; Hoy
et al., 1984; Prinse et al., 1995), an early investigation of porous boron nitride (van Thiel, 1966), and a com-
prehensive study of several densities of silica (SiO2) over a wide range of compaction stresses (Trunin et al.,
2001). Other data on various forms of SiO2 (Borg et al., 2005) and sand (Bragov and Grushevskii, 1993; Chap-
man et al., 2006; Dianov et al., 1976; Resnyansky and Bourne, 2004; van Thiel, 1966) can also be found in the
literature. An interesting phenomenon is observed for the lowest density (0.2 g/cm3) silica (Trunin et al., 2001):
the maximum density under shock loading is achieved at about 3.3 GPa. At higher pressures, the density
decreases with higher shock pressure as thermal eﬀects prevent densiﬁcation; the same expansion occurs for
snow (Trunin et al., 1999). This process is known to occur for highly compressible materials (Zel’dovich
and Raizer, 1967), but the pressure at which it occurs is quite low in this case.
Many models have been formulated to describe the dynamic compaction behavior of porous materials and
powders. Among the most important, and certainly the most widely used, is the P–a model (Herrmann, 1969).
Although simple and largely empirical, this model captures many of the impact features of dynamic compac-
tion while requiring only a few material parameters that can be found or estimated relatively easily. More
recently, the P–a model has been generalized to treat mixtures of multiple phases (e.g. powder ﬁlled with
air or water), also in a relatively simple framework, yielding the P–k model (Grady and Winfree, 2001; Grady
et al., 2000b).
An alternate approach to modeling is to consider the micromechanics of void or porosity collapse, espe-
cially the spherical shell model and its extensions (Carroll and Holt, 1972; Nesterenko, 2001; Tong and
Ravichandran, 1997) in which a single collapsing void is analyzed to infer the behavior of a powder or porous
material. A signiﬁcant limitation of this class of models is that all envision elastic–plastic ﬂow of material and
neglect fracture and friction of stiﬀ particles. However, at the present time the importance of these eﬀects on
the compaction of ceramic powders is not clear.
In this study, our primary objectives were to develop an understanding of the dynamic compaction process
for ceramic powders and to obtain data for calibration of compaction models for the dynamic regime. Because
dynamic experiments are relatively diﬃcult to perform, we also conducted quasi-static experiments, which are
much simpler, in order to assess the eﬀects of various material parameters (particle morphology, loading path,
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static results. In this paper, we present experimental results for the static and dynamic compaction of tungsten
carbide (WC) powder under uniaxial strain loading. Additional static results on silica (SiO2) powder are pre-
sented for comparison with dynamic data from the literature (Borg et al., 2005; Trunin et al., 2001). Novel
experimental setups have been developed for both types of loading to provide accurate results. Static and
dynamic compaction pressures of approximately 1.6 and 5.9 GPa, respectively, were achieved. Signiﬁcant rate
eﬀects in the compaction process are revealed by comparison of the two sets of experiments.
2. Experimental techniques
2.1. Material
Two varieties of WC powder were used in this investigation: a macro crystalline variety (Lassner and Schu-
bert, 1999) produced by Kennametal Inc. of Latrobe, Pennsylvania, and a second from Atlantic Equipment
Engineers (AEE) produced by a diﬀusion process. The diﬀerent powder morphologies are illustrated in Fig. 1.
The grains of the Kennametal variety (Fig. 1a) are individual single crystals of varying sizes, while those of the
AEE variety (Fig. 1b) are agglomerations of much smaller grains. The chemical composition of Kennametal
WC powder as provided by the manufacturer is given in Table 1. From the table, it can be seen that the tung-
sten carbide is relatively pure and that there is little, if any, W2C present. The WC crystal has a variant of the
hexagonal close packed (HCP) structure, and its crystal density is 15.70 g/cm3. A full analysis of the AEEFig. 1. SEM images of untested WC powder from (a) Kennametal and (b) AEE.
Table 1
Elemental composition of Kennametal WC powder
Element % Mass Element % Mass
Al 0.01 Mo 0.03
Ca 0.01 Nb 0.04
C (total) 6.13 Ta 0.02
C (free) 0.011 Ti 0.03
Fe 0.18 Zr 0.003
Mn 0.03 W Balance
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material, 6.13% and 0.01% by mass, respectively.
Although static experiments were conducted on both varieties of WC, only the ﬁrst (Kennametal) was used
in the shock experiments. The as-received material had particles 5–150 lm, with most particles in the range of
10–47 lm. For shock experiments, the WC powder was sifted to provide grains between 20 and 32 lm in size.
It should be pointed out that the sifting process can allow irregularly shaped grains with dimensions outside
these limits to be included.
2.2. Static experimental conﬁguration
A special ﬁxture was designed for the quasi-static uniaxial strain compression (USC) experiments as shown
in Fig. 2. It consists of a cylindrical die manufactured from Aermet 100 steel hardened to 40 Rockwell C. It
was precision ground to have inner and outer diameters of 28.58 mm and 69.85 mm, respectively. The top and
bottom openings of the die are ﬁlled by punches made of nickel-maraging (or Vascomax 350) alloy material
and with inner surfaces ground smooth. Specimens were prepared by simply pouring a known mass (±0.01 g)
of the ceramic powder directly into the die with the lower punch in place. The upper punch was then lowered
until it rested directly on top of the powder. The length of the specimen can be readily varied by changing the
mass of powder poured into the die but was typically 7 mm. A linear variable diﬀerential transformer (LVDT)
attached to the die body was used to measure initial sample height and shortening during the experiment. The
operating range and accuracy of the LVDT were ±12.7 mm and 2% of reading, respectively.
Two initial densities were used in USC experiments. Low-density specimens (q00 = 8–8.5 g/cm
3) were pre-
pared by gentling moving the die assembly back and forth laterally until the top surface of the specimen was
level. Relatively high-density specimens (q00 = 9–9.5 g/cm
3) were prepared by vibrating the die assembly at the
highest setting of a dental vibrator until no further settling of the powder was observed, typically requiringFig. 2. Schematic and picture of uniaxial strain compaction die showing sample and other components.
640 T.J. Vogler et al. / International Journal of Solids and Structures 44 (2007) 636–658about 7 min. The accuracy of the initial density measurement (based on die geometry and the measurement
errors related to mass and specimen height) was approximately ±0.05 g/cm3.
To conduct a USC test, the loaded ﬁxture assembly was placed in a universal testing machines selected
based on the maximum load required. The testing machine actuator was used to drive the upper punch down-
ward into the die body, inducing an axial stress in the powder sample. The experiment was conducted in dis-
placement control at a rate of 0.01 mm s1 for actuator motion. Two types of load paths were imposed on the
sample: (1) monotonic or (2) cyclic loading to the target stress. In cyclic experiments, unload/reload cycles
were performed at approximately 25%, 50%, and 75% of the target stress. The target stress was typically
1.6 GPa, though some early experiments were done with a system capable of only 0.2 GPa.
The axial force at the top of the punch, Ftop, was measured by the load cell of the testing machine. The
accuracy of the load measurements was typically 1% of the reading. The force applied at the top of the test
specimen was not transmitted uniformly through the full height of the specimen because of frictional forces
induced at the interface between the sides of the specimen and the central bore of the die. The frictional force,
Ffrict, was measured using a ring load cell placed below the die body as shown in Fig. 2. The capacity of this
ring load cell was 58 kN. Examination of Fig. 2 reveals the existence of a potential load path from the die to
the lower punch that bypasses the ring load cell. It is believed that the load transferred on this path is small
because the lower punch is static relative to the die body, but this has not been veriﬁed.
Accounting for the frictional forces that developed during the USC tests, the axial stress, r, applied to the
specimen was approximated asr ¼ F top  F frict
A0
ð1Þwhere A0 is the initial cross-sectional area of the specimen and stress is positive in compression. In some tests,
the frictional forces accounted for more than 25% of the load applied to the top of the specimen.
Changes in specimen volume, DV, were calculated assuming uniaxial strain conditions; i.e., the die was
assumed to fully constrain the specimen in the radial direction. Axial deformation was measured by the LVDT
on the test ﬁxture (see Fig. 2). This LVDT tracked the displacement of the upper punch relative to lower
punch, so the displacement measurements included deformations of both the specimen and the non-specimen
components (e.g., upper and lower punches, interface closure, etc) within the gage length. The non-specimen
component of the displacement, dsystem, was quantiﬁed by loading a calibration specimen fabricated from a
standard material (aluminum) and subtracted from the measured displacement during data reduction. The
change in specimen volume was then calculated from:DV ¼ A0ðdspecimenÞ ¼ A0ðdtotal  dsystemÞ ð2Þ
where dtotal is the axial displacement measured by the LVDT. Specimen density, q, was calculated fromq ¼ M
V 00  DV ð3ÞwhereM is the specimen mass and V00 its initial volume. Radial stresses (or strains) were not measured in this
test conﬁguration. Based on the elastic solutions for a thick-cylinder, radial strains of the die body can be cal-
culated assuming the axial load is transferred fully in the radial direction (Poisson’s ratio m = 0.5). Under this
conservative condition, we are underestimating the volumetric strain by about 2% at an axial stress of
1.6 GPa. Poisson’s ratios of powders are less than 0.5, so only a fraction of the axial stress, m/(1  m), is acting
as a radial stress. Therefore, the error associated with the assumption should be less than 2%. Previous instru-
mented compaction experiments on sand (Yamamuro et al., 1996) using a similar experimental setup have
shown the radial strains to be only 0.33% at an axial stress of 0.85 GPa and remaining porosity of 2–13% com-
pared to initial porosities of 38–48%.
2.3. Shock experimental conﬁguration
In order to provide an accurate measurement of shock velocity for the porous material, a special ﬁxture was
developed. The ﬁxture was designed to be used on a 102 mm bore light gas gun, which operates by the release
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from a block of PMMA (polymethyl methacrylate) using computer-controlled tooling. A polymer was used
so that wave speeds in the ﬁxture would be as low as possible to reduce eﬀects due to edge release. Secondary
considerations leading to the choice of PMMA include machinability and its compatibility with glue used to
attach other pieces to the ﬁxture.
A photograph of the empty ﬁxture is shown in Fig. 3. Its outer diameter was 89 mm, and it had ﬁve discrete
levels or steps to give ﬁve diﬀerent powder thicknesses. Each step had a 7 mm diameter and 4 mm deep count-
erbore covered with a 10 mm diameter 6061-T6 aluminum sample plate which was diamond turned to a mirror
ﬁnish and a thickness of 1 mm before being glued in place. Glued onto the back of each aluminum plate was a
6 mm diameter and 3 mm thick LiF window. The side of the window toward the plate was vapor coated with a
thin layer of aluminum to make it reﬂective. A small (0.9 mm) diameter hole in the bottom of the counterbore
was made to allow a ﬁber optic probe to be inserted for use with the velocity interferometer system for any
reﬂector (VISAR) (Barker and Hollenbach, 1972) system. The VISAR system was used to monitor the velocity
of the aluminum/LiF interface during the experiment.
The open part of the ﬁxture (see Fig. 3) was ﬁlled with WC powder and a 1 mm thick diamond-turned 6061-
T6 aluminum cover plate was glued on as shown schematically in Fig. 4. Although all ﬁve steps are visible in
the ﬁgure, the counterbores do not lie along a single line so only three are shown in the ﬁgure. The ﬁxture was
oriented vertically and placed in a vacuum chamber. A vent hole in the top of the cavity facilitated evacuation
of the powder, while a piece of porous alumina placed in the vent hole prevented powder from being sucked
out of the ﬁxture. Evacuation leads to settling of the powder, so the ﬁxture was pre-evacuated and additional
powder added through a small screw hole. Density of the powder sample was calculated using the calculated
volume of the cavity and the known mass of powder added to the ﬁxture. It should be noted that the porous
alumina piece and ﬁll hole were added for the third experiment. Therefore, a small void was present in the
ﬁxture cavity during the ﬁrst two experiments. The size of this void was estimated in order to calculate sample
density. Based on the variation in sample density amongst the diﬀerent samples, random errors in the density
are estimated to be 1–2%. Possible sources of systematic error include an inaccurate ﬁxture volume due to
assuming the ﬁxture is machined perfectly according to the design or due to bulging of the cover plate.
Nominal thicknesses for the ﬁxture levels were 1, 2.5, 4, 5.5, and 7 mm (thickest at the center of ﬁxture). The
actual thickness of each level was determined by optically measuring the height of each small aluminum plate
in the empty ﬁxture. After the sample was ﬁlled, the height of the aluminum cover plate in the same position
was measured. These measurements were performed with the ﬁxture lying ﬂat, but the experiment was per-
formed with the sample vertical. The maximum bulging due to this diﬀerence in orientation is estimated toFig. 3. Photograph of ﬁxture for dynamic compaction prior to ﬁlling illustrating the ﬁve diﬀerent steps. Each step has an aluminum
sample plate backed by a LiF window (not visible). Vent and ﬁll hole are at the right of ﬁxture. Small holes passing through the block are
for ﬁber optic probes for velocity interferometry.
Fig. 4. Cross-section of the ﬁlled test ﬁxture illustrating the ﬁve diﬀerent step thicknesses along with three of the aluminum sample plates
(the other two are not visible in this cross-section). Impactor travels from left to right.
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velocity were taken at levels away from the center, so the actual deﬂection in those locations should be less.
After ﬁlling, the ﬁxture was glued into an aluminum target plate, which was aligned to and mounted onto
the end of a single stage light gas gun. A 12.7 mm thick 6061-T6 aluminum projectile was used to impact the
ﬁxture cover plate. Projectile velocity was measured using three shorting pins to within 0.5%, and projectile tilt
was measured using four shorting pins. Projectile tilt was less than 4 mrad for all experiments. Five ﬁber optic
VISAR probes were used to monitor the velocity of the interface between the aluminum sample plates and the
LiF windows. To date, no compacted WC powder has been recovered for examination; future experiments will
address this issue.
3. Static compaction of tungsten carbide powder
Quasi-static USC experiments were performed to a stress of approximately 1.6 GPa on WC powder
to determine its compressibility as well as to investigate the eﬀect of loading path, grain size and morphology,
and initial density on the compaction process. Both as-received and sifted materials were tested in the
as-poured and densiﬁed conditions (see Section 2.2) under monotonic as well as cyclic loading conditions.
The initial conﬁgurations and sample densities for the USC experiments on WC powder are summarized in
Table 2.
Results for experiments on sieved material for the four permutations of monotonic/cyclic and as-poured/
densiﬁed are shown in Fig. 5. The slope of the loading curve is quite low initially but increases as the compac-
tion process proceeds. A maximum density of nearly 14 g/cm3 is achieved, which is not too far from the crystal
density of WC of 15.7 g/cm3. Ultimately, the density is expected to reach the solid density when all porosity is
removed, but this would require signiﬁcantly higher stresses, and perhaps higher temperatures, than applied in
this study. For a given stress, the densiﬁed material has a higher density than the as-poured, though the dif-
ference appears to be decreasing as stress increases. Under cyclic loading, small hysteresis loops develop as the
Table 2
Conﬁguration of quasi-static USC experiments on WC powder
Experiment q00 (g/cm
3) Loading Condition
WC-SA1a 8.26 Mono Sieved
WC-SA2 8.36 Mono Sieved
WC-SA3 8.50 Mono Sieved
WC-SA4 8.22 Cyclic Sieved
WC-SA5 9.03b Mono Sieved
WC-SA6 9.46b Cyclic Sieved
WC-SA7 8.16 Mono As-received
WC-SA8 9.18b Mono As-received
WC-SB1 8.25 Mono As-received
WC-SB2 9.35b Mono As-received
a S = Static, A = Kennametal, B = Atlantic Equipment Engineers.
b Densiﬁed through vibration.
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and cyclic cases are very similar, something that was true for all WC experiments.
To reduce wall friction, specimens were designed to have a low aspect ratio (L/D 6 0.3), and non-unifor-
mity in the axial stress distribution along the specimen length due to friction appears to have little eﬀect on the
macroscopic response of the specimen. The stress-density relationship provides no evidence of localization
within the compacting sample. However, previous ceramic compaction experiments and modeling (Kong
and Lannutti, 2000; Nam and Lannutti, 2004) have shown that non-uniform densities can develop in the spec-
imen, albeit at lower stresses than in the current experiments.
A post-test image from a scanning electron microscope (SEM) for material from experiment WC-SA1 is
shown in Fig. 6. The material is markedly diﬀerent from the virgin material in Fig. 1a in two main ways. First,
there are many particles present smaller than the initial 20–32 lm grains of the virgin material. Some are a
signiﬁcant fraction of the full grain size, 5–20 lm, and appear to be due to fracture of grains into a few pieces.
Many other small (<2 lm) particles are seen, especially adhered to the larger particles. These may be from
breakage at corners or edges of the grains. Second, cracks can be seen in many of the pre-loaded grains.
Although not suﬃcient to break these grains apart, the loading has clearly damaged them.
Monotonic loading results for as-received and sieved WC are shown in Fig. 7. With the exception of
one experiment, (WC-SA3) they are all closely grouped. This demonstrates the good repeatability of the
Fig. 6. SEM image of Kennametal WC following static compaction to a stress of 1.6 GPa.
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The reason for the diﬀerent response for WC-SA3 is unclear, as is the origin of the stiﬀ initial response and
kink observed at about 0.05 GPa for WC-SA8.
The second variety of WC powder from AEE, described in Section 2.1, was tested to examine the eﬀect of
particle morphology on the compaction process. Monotonic loading curves for the two materials are shown in
Fig. 8. Above about 0.5 GPa, the AEE material response is signiﬁcantly stiﬀer. Given the relatively small scat-
ter observed for the experiments, this appears to be a real trend, though its origin is unknown at this point.
Part of the diﬀerence may be the signiﬁcantly smaller grains for the AEE material, which may reduce granular
fracture.
To determine the eﬀect of sample aspect ratio on compaction behavior, two experiments were conducted on
half-height samples of the ﬁrst variety of WC to a stress of approximately 80 MPa. Within this range, the
response is nominally the same as for the standard sized samples, though the half-height samples are slightly
denser at all stress levels. Since the primary concern with shorter samples is additional frictional eﬀects, which
should make the shorter sample appear stiﬀer, it appears sample aspect ratio has a small eﬀect over this stress
regime. For the signiﬁcantly higher stresses reached in experiments described above, this may not be true.
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performed by recovering the powder from a specimen used for virgin loading, preparing a new specimen from
it, and then recompacting it to the same stress level. In particular, two test specimens were prepared from pow-
ders loaded to 90 MPa. The most signiﬁcant eﬀect of reuse of powder appears to be related to the initial den-
sity with the reused material 0.4–0.8 g/cm3 denser. This change in initial density results from fracturing of
some of the grains during the initial loading as seen in Fig. 6. The loading paths for the virgin and reused
material have the same shape and tend to parallel one another, indicating that the powder response was
not strongly aﬀected by recompaction. For higher stresses (e.g. 1.6 GPa), the eﬀect might be more pronounced.
4. Dynamic results
Five experiments were performed on WC powder at impact velocities of 245, 500, and 711 m/s. Impact
velocities and sample densities are given in Table 3. Velocity histories from these experiments are used to
determine the shocked state and the ﬁrst reshock state of the WC powder.
4.1. Velocity history results
Velocity histories were obtained for the aluminum/LiF interface at each step in the sample. These results
are illustrated by detailed discussion of a typical experiment, WC-III, which was conducted at 500 m/s. The
initial density of the powder, q00, was 8.74 g/cm
3. Velocity histories for the ﬁve sample thicknesses, shifted
in time so that they overlay, are shown in Fig. 9. The three thinnest steps have essentially identical histories,
indicating a steady wave. These three proﬁles have a rise time of about 100 ns, though about half of this rise
seems to be due to the development of an elastic–plastic wave structure in the aluminum (an elastic sampleTable 3
Hugoniot results for WC powder experiments
q00 (g/cm
3) Impact velocity (m/s) Us (km/s) uH (km/s) rH (GPa) qH g/cm
3)
WC-I 8.67 245 0.718 0.171 1.07 11.39
WC-II 8.85 246 0.709 0.172 1.08 11.68
WC-III 8.74 500 0.972 0.318 2.70 13.00
WC-IV 8.69 500 0.963 0.320 2.68 13.02
WC-V 8.68 711 1.078 0.440 4.12 14.68
up
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Fig. 9. Window interface velocity histories measured for experiment WC-III and shifted in time to overlay, illustrating the steady nature of
the wave.
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There does not appear to be a two-wave structure associated with the powder itself, just as none was observed
for gauges in direct contact with the TiO2 sample (Anderson et al., 1994). However, high-velocity precursors,
apparently associated with elastic waves traversing particles and contact points, have been observed in sugar
pressings (Trott et al., submitted for publication). The precursors were much more apparent when a spatially
resolved interferometer, rather than a single-point interferometer as in the present investigation, was used, and
a precursor in the WC powder may have been attenuated in the aluminum sample plate. Peak interface veloc-
ities are approximately 270 m/s, about half the impact velocity. The thickest two levels display signiﬁcant
attenuation; this is discussed further below. Based on the size of the window, edge release waves are expected
to contaminate these measurements approximately 0.5 ls after shock arrival.
The results observed for the experiment described above are qualitatively the same in all ﬁve experiments,
though some trends are observed. First, the development of elastic and plastic waves in the aluminum sample
plates is observed for all experiments, but the overall rise time of the wave is seen to decrease with increased
velocity until the second wave is a shock in WC-V at 711 m/s. Second, as impact velocity increases, the peak
interface velocity increases from about half the impact velocity to somewhat above that (see Fig. 12 and Tables
3 and 4). Third, for the highest velocity experiment (WC-V), the peak velocities for the diﬀerent thicknesses
show more variability than is seen in the other experiments (from about 0.38 to 0.41 km/s), though the reason
for this is not clear. Finally, diﬀerent numbers of thicknesses display unattenuated waves, two at 245 m/s,
three at 500 m/s, and three to ﬁve at 711 m/s. It appears that the 12.7 mm thick aluminum impactor
was not suﬃciently thick to prevent arrival of release waves from its rear surface. Estimates based on the
transit time through the sample from the shock velocity (see Table 3), the aluminum impactor, and theTable 4
Reshock conditions for WC powder
LiF state WC reshock state
up (km/s) r (GPa) uR (km/s) rR (GPa) UsR (km/s) qR (g/cm
3)
WC-I 0.124 1.70 0.119 1.76 1.52 11.93
WC-II 0.127 1.75 0.123 1.80 1.67 12.15
WC-III 0.271 3.85 0.261 3.98 2.55 13.45
WC-IV 0.266 3.78 0.258 3.91 2.27 13.58
WC-V 0.399 5.87 0.388 6.07 4.25 14.99
T.J. Vogler et al. / International Journal of Solids and Structures 44 (2007) 636–658 647pre-compressed sample indicate that at least one to two thicknesses will display attenuation. It is also possible
that edge release waves result in loss of uniaxiality before the shock arrives at the sample plate for some steps.
After correlating times for the ﬁve measurements to one another using a common ﬁducial and correcting
for projectile tilt of 0.16 mrad and sample misalignment of 0.2 mrad, the velocity histories in Fig. 10 were
obtained. Based on a least squares ﬁt to the arrival times for the ﬁrst three proﬁles, a shock velocity Us of
0.972 km/s was found. The relatively long times and thick samples allow the shock velocity to be determined
quite accurately. Shock velocities for all experiments are given in Table 3 and shown as a function of projectile
impact velocity in Fig. 11. A quadratic relationship between shock velocity and impact velocity represents the
data well over the range of these experiments. The best ﬁt is given byFig. 10
estimaU s ¼ 0:35176þ 1:6833V impact  0:90412V 2impact: ð4Þ
Agreement in Us for experiments at the same velocities (245 m/s or 500 m/s) is excellent.0
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Fig. 11. Measured shock velocity as a function of impact velocity along with a quadratic ﬁt to the data.
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The Hugoniot state for the WC powder sample was determined using the measured VISAR proﬁles and
impedance matching with the known properties of the aluminum impactor and cover plate. The VISAR pro-
ﬁles were used to determine the shock velocity in the powder as described in the previous subsection. Addi-
tionally, the peak particle velocities measured were used to calculate the ﬁrst reshock state for the WC
powder. Here, the calculation of these quantities is detailed.
The shocked state in the aluminum impactor and cover plate is determined from the symmetry condition
for particle velocity (up = 0.5Vimpact) and the known Hugoniot for aluminum. When the shock wave passing
through the cover plate reaches the WC powder, it releases to the Hugoniot for WC powder. The Hugoniot
state for the powder is constrained to lie on this release path and along a Rayleigh line from the origin with
slope given byFig. 12
powde
velocit
determDr
Dup
¼ q00U s; ð5Þwhere Us and r are the shock velocity and stress in the direction of shock propagation in the powder (positive
in compression). This is illustrated graphically in Fig. 12 for all experiments. The Rayleigh lines shown are
based upon the measured initial densities and shock velocities given in Table 3. For aluminum, the Hugoniot
data obtained by Wallace (1980) from unsteady wave propagation in 6061-T6 aluminum (Johnson and Bar-
ker, 1969) is used. For stresses somewhat above the Hugoniot elastic limit (HEL) but below about 10 GPa,
these data can be represented extremely well using the quadratic formr ¼ 0:10387þ 14:203up þ 3:9024u2p: ð6Þ
The unloading path of aluminum is constructed in the following manner. First, the Hugoniot described by Eq.
(6) is displaced downward by 4/3Y, where Y is the yield stress of aluminum. For Y, the value obtained during
release experiments (Asay and Chhabildas, 1981) on this material of 0.18 GPa is used. This value for Y rep-
resents a lower bound since the value at the HEL was found to be 0.26 GPa. Initial unloading is assumed to be
elastic at a slope given by Eq. (5) with the wavespeed for an elastic precursor in aluminum of 6.5 km/s
(Wallace, 1980) used for Us. Elastic unloading is assumed to terminate when this line intersects the displaced0
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T.J. Vogler et al. / International Journal of Solids and Structures 44 (2007) 636–658 649curved from Eq. (6), eﬀectively assuming elastic–perfectly plastic unloading. This is known not to be entirely
correct (Asay and Chhabildas, 1981) but is suﬃciently accurate for the current purposes. For all experiments
in the current investigation, the intersection of the release path and the Rayleigh line for the WC powder oc-
curs in the region of elastic unloading for aluminum. Errors associated with impedance matching are esti-
mated to be less than 2% in r and up and are due primarily to uncertainty in the aluminum Hugoniot in
this stress regime. Once the particle velocity is determined, the Hugoniot density can be calculated asFig. 13
shownqH ¼ q00
U s
U s  uH : ð7ÞExperiment details and Hugoniot data for all experiments are given in Table 3. Hugoniot states are plotted in
the r–q plane in Fig. 13. Compaction is seen to increase with impact velocity until nearly full compaction is
reached in WC-V. Agreement between the pairs of experiments at 245 m/s and 500 m/s is excellent, though
slightly diﬀerent densities are calculated for those at 245 m/s. Also included in Fig. 13 are the measured shock
data for nearly fully dense (15.5 g/cm3) WC (Dandekar and Grady, 2002). For comparison, quasi-static USC
results from experiment WC-SA5 for the same WC powder are included. The shock experiments give stresses
that are signiﬁcantly higher at a given density than the static data.
4.3. Reshock state
Following impact, a shock wave traverses the cover plate and enters the WC powder sample, shocking it to
its Hugoniot state. This state is calculated strictly from the measured shock velocity and the shock and release
behavior of aluminum as described above. When the shock wave reaches the aluminum sample plate for each
level, it shocks the aluminum and, shortly thereafter, the LiF window. Interaction with the sample plate causes
the compressed WC powder to load to a new, higher stress state. This reshock state provides further informa-
tion about the behavior of the WC powder.
The peak VISAR velocities determine the state of the shocked LiF window. The averages of the peak veloc-
ities for unattenuated waves are shown along with the LiF Hugoniot (Carter, 1973) in Fig. 12. Impedance
matching between the aluminum and LiF gives the shocked state in the aluminum sample plates. Since particle
velocity and longitudinal stress are continuous across the WC/aluminum interface, these are known for the
WC sample. An ‘‘inferred’’ reshock velocity for the Lagrangian (undeformed) reference frame can then be
calculated asWC Powder Reshock
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; ð8Þwhere the subscript ‘‘H’’ denotes the Hugoniot state and the subscript ‘‘R’’ denotes the reshock state. Simi-
larly, the density in the reshock state can be calculated asqR ¼ q00
q00
qH
 uH  uR
U sR
 1
: ð9ÞThese reshock states are given in Table 4 for both the LiF window and the WC powder. They are also included
in Fig. 13. The reshock states for the 245 and 500 m/s experiments lie somewhat above the Hugoniot states.
This might be due to uncertainties in the particle velocities from the LiF windows, since this value is not really
constant. Also, the impedance matching between LiF and aluminum may be somewhat inaccurate due to elas-
tic unloading of the aluminum since the unloading is relatively small (see discussion of release behavior of alu-
minum in the previous subsection). In light of the methods used in the analysis of the reshock states, these
values should be considered as less accurate than the Hugoniot results.
4.4. Uncertainty analysis for Hugoniot and reshock states
Estimates have been made of the uncertainty associated with the Hugoniot and reshock states for WC pow-
der. Six sources of experimental uncertainty have been identiﬁed as aﬀecting the Hugoniot state: (1) initial den-
sity, (2) impact velocity, (3) the Hugoniot response of aluminum, (4) the release response of aluminum from
the Hugoniot state, (5) the thicknesses of various levels of the sample, and (6) relative timing of the VISAR
signals. The last two of these are used in the calculation of the shock velocity. The estimated uncertainties for
most of these quantities have been given previously but are reiterated here brieﬂy. The initial density is esti-
mated to be accurate to 2%, and the impact velocity is known from tilt pins to 0.5%. The Hugoniot stress for
aluminum is known to within 2% (for example, the Hugoniot data from Wallace (Wallace, 1980) diﬀers by
about 2% from another model for 6061-T6 aluminum by Feng and Gupta (1994)), while the release velocity
of aluminum is conservatively estimated to be accurate for impedance matching purposes to 5%. Thicknesses
of the steps are assumed to be known to within 5 lm, at least relative to one another. Timing uncertainties are
conservatively estimated to be on the order of 5 ns.
From these uncertainties, the uncertainty in the shock velocity is estimated using the ﬁrst order uncertainty
expression (Coleman and Steele, 1989) for random errorsdU s ¼
XN
i¼1
oU s
oxi
dxi
 2
þ oU s
oti
dti
 2 !1=2
; ð10Þwhere xi and ti are the position and arrival time for the ith step of a sample, a delta (d) before a quantity de-
notes its uncertainty, and N is 2 or 3 for the present experiments. The derivatives of Eq. (10) were evaluated
numerically for each experiment. Uncertainties in shock velocity of 0.6% are found for experiments WC-I and
II, while an uncertainty of 0.3–0.4% is seen for the other three. Experiments WC-III to V have a smaller uncer-
tainty because those experiments have three unattenuated sample steps instead of two. With this uncertainty in
the shock velocity and the values for other variables described earlier, the overall uncertainty can be deter-
mined. Factors (3) and (4) above dealing with the behavior of aluminum are systematic errors, while the
remainder are random errors. Random uncertainties aﬀect quantities such as rH and qH in a manner similar
to Eq. (10), while systematic errors are added directly onto the uncertainty (Mitchell and Nellis, 1981). Uncer-
tainties of 3–3.6% are found for rH and 2.5–2.7% for qH. Error bars corresponding to these uncertainties are
shown for the Hugoniot state in Fig. 13, though only those on density are large enough to be seen. While these
are fairly large uncertainties for Hugoniot data, they are considered excellent in light of the distended nature of
these materials. Also, experiments at the same impact velocity are very consistent with one another, but the
uncertainty of each experiment was considered separately.
The uncertainty of the reshock state was based upon the uncertainty of the Hugoniot state along with
additional uncertainty associated with the peak particle velocity, uR, measured from interferometry. The
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VISAR system, the non-constant particle velocities seen experimentally (see Figs. 9 and 10), and the variability
in particle velocity for diﬀerent sample levels. The uncertainty of the EOS of aluminum and LiF is also
included in this estimate. Uncertainty in the reshock stress, rR, is based entirely on this uncertainty. Uncer-
tainty in the reshock density, qR, depends upon this uncertainty plus those associated with the Hugoniot state
as described above. As a result, uncertainties associated with qR are somewhat larger than for qH, 3–4%.
5. Discussion
The experimental results presented in Section 4 provide the ﬁrst Hugoniot data on distended WC powder.
Close examination of these results reveals interesting insight into the dynamic compaction behavior of ceramic
powders. These initial results also illustrate the utility of the new experimental techniques for obtaining accu-
rate data on the static and dynamic compaction of highly distended ceramic powders. Further, the static and
dynamic results provide one of the few data sets in the literature allowing direct comparison of the two loading
rates for powders.
While static compaction of ceramic powders has been extensively studied, quantitative work is lacking at
high stress levels. The present work provides measurements in a regime seldom reported previously in the lit-
erature. On the other hand, the dynamic compaction of ceramic powders has not been extensively studied, and
the data that does exist (e.g. Marsh (1980); Trunin et al. (2001)) is mostly for compactions above the ambient
crystal density or the maximum compaction density. Further, only work on AlN (Gourdin and Weinland,
1985; Hoy et al., 1984) and TiO2 (Anderson et al., 1994) powder provides the time-resolved data of the type
necessary to promote an understanding of the crush-up behavior for ceramics. The current results provide
both high-quality Hugoniot data for the partially compacted regime as well as time-resolved measurements
of material behavior.
Structured waves with signiﬁcant rise times were observed for WC powder as seen previously in, for exam-
ple, distended copper (Carroll et al., 1986), HMX and sugar (Sheﬃeld et al., 1997), TiO2 (Anderson et al.,
1994), Ti–Si mixtures (Thadhani et al., 1997), Mo–Si mixtures (Vandersall and Thadhani, 2003), Al–Fe2O3
mixtures (Holman et al., 1994), Teﬂon (Holt et al., 1996), and several other materials (Nesterenko, 2001).
In HMX and sugar, the rise time was found to be dependent upon particle size with coarse material having
a larger rise time. The wave front was estimated to be 3–4 grains thick for coarse material and 6–8 thick
for ﬁne material. At higher stresses, though, the rise times essentially converged for the diﬀerent particle size
and apparently remained approximately constant over a fairly large stress regime. Rise time was not signiﬁ-
cantly aﬀected by initial powder density, however, and the results for sugar and HMX were qualitatively sim-
ilar indicating that chemical reactivity was not aﬀecting the wave structure. Similar results were obtained for
Teﬂon (Holt et al., 1996). Measurements of shock front thicknesses for Teﬂon, glass, tungsten, and copper–
constantin (Nesterenko, 2001) made with the thermoelectric and electromagnetic method indicate shock front
thicknesses similar to the size of the particles. From a modeling standpoint, 2-D direct numerical simulations
of powder compaction (Benson, 1995; see also later works by same author) and discrete element modeling
(DEM) of powder compaction (Tang et al., 1997) dramatically demonstrate the wide shock and ragged shock
front during the compaction process. A linear scaling of shock thickness with grain size was found in simu-
lations of titanium powder compaction (Benson et al., 1995). The spherical shell model has been used to pre-
dict shock rise times for copper powders (Carroll et al., 1986; Tong and Ravichandran, 1997), with somewhat
better results obtained when both material rate dependence and inertia eﬀects were included. The shell model
also captured the rise times observed in Al–Fe2O3 mixtures (Tong and Ravichandran, 1997). However, it is
important to realize that the shell model cannot capture all the mechanisms involved in real compaction pro-
cesses (see Chapter 2 of Nesterenko, 2001). Given that structured waves are typically observed for layered
materials (Barker et al., 1974; Tsai and Prakash, 2005; Zhuang et al., 2003) as well, the presence of material
heterogeneity seems to lead inevitably to waves with ﬁnite rise times.
Waves that were quite spread out were observed for four of the ﬁve dynamic experiments, despite traversal
of the 1 mm thick aluminum sample plate before measurement. In traversing the sample plate, a wave trans-
mitted from the WC powder will tend to steepen due to the non-linearity of the aluminum uniaxial strain load-
ing response but will tend to spread out due to material viscosity (Johnson and Barker, 1969). At stresses just
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as the stress increases. For states of interest in the sample plates, the following eﬀects are assumed based on
wave evolution results for aluminum (Johnson and Barker, 1969): at 1.7 GPa (WC-I and II), the plastic part of
the wave will spread out slightly, but the process is slow enough to be negligible over the 1 mm thickness; at
3.8 GPa (WC-III and IV), the wave will tend to steepen so that the actual rise time in the WC is longer than
that observed by interferometry; and at 5.9 GPa (WC-V), the wave will steepen more rapidly. In fact, the rise
time in WC-V is smaller than the temporal response of the interferometer. To correct for the steepening antic-
ipated to occur in WC-III and IV, the backwards integration technique (Hayes, 2001) was utilized to estimate
the actual rise time at the WC/aluminum interface. A slightly longer rise time is found using this technique.
The backwards integration technique can also be used to bound the rise time for WC-V at approximately
30 ns.
The rise times of the waves from experiments without shocks are determined in the following manner. The
slope of the particle velocity history above the elastic limit for aluminum is found (see Fig. 9). The average
peak value of interface velocity measured, as shown in Table 4, is divided by this number to give an approx-
imate rise time for the shock. For example, the linear slopes of the histories for WC-I and II are between 0.75
and 0.85 km s1/ls. Dividing by a particle velocity of 0.124–0.127 km/s, a rise time on the order of 150 ns is
found. Similarly, a rise time on the order of 65 ns is seen for experiments III and IV after backwards integra-
tion is performed. This is somewhat greater than the 50 ns observed with the interferometer, but not diﬀerent
enough to change the results qualitatively. Strains are calculated usinge ¼ 1 q00
qH
ð11Þwhere e is engineering strain (positive in compression) and qH is the density in the Hugoniot state from Table
3. Strain rates are approximately 1.6 · 106 s1 for WC-I and II and 5.0 · 106 s1 for WC-III and IV.
For several fully dense solids, an empirical relationship has been found between strain rate and stress of the
form_e / rn ð12Þ
where n is found to be approximately four (Swegle and Grady, 1985). If a similar relationship is assumed to
hold for WC powder, a value of approximately 1.2 is found for the exponent n. Because a shock had formed in
experiment WC-V, it could not be utilized in the determination of n. However, the part of the wave that prop-
agates through the sample plate below the aluminum HEL preserves information about the rise time of the
wave due to the negligible non-linearity of aluminum in the elastic regime, even for this case as shown in
Fig. 14. If the slope of these waves is found as a function of shock stress as in Eq. (12), a value of 1.3 is found
for the exponent. The only other time-resolved data for ceramic powders that permits this type of analysis are
the results for TiO2 (Anderson et al., 1994). If a similar analysis to that outlined above is performed on their
results, a value for the exponent n of 1.0 is found. Clearly, the stress sensitivity of shock rise times in compac-
tion waves for ceramic powders are quite diﬀerent from that of 4 for fully dense materials (Swegle and Grady,
1985) or even the value of 2 observed for layered materials (Zhuang et al., 2003). However, it is not clear if a
constant value of n will hold for a wide range of ceramic powders, initial powder densities, or particle size
distributions.
The current data set also provides the opportunity for a side-by-side comparison of the static and dynamic
compaction responses of materials. When compared to quasi-static results, the current dynamic results for WC
powder are signiﬁcantly stiﬀer. Although comparisons between static and dynamic data are limited in the lit-
erature, experiments on HMX powders (Grady et al., 2000a) and sand (Lagunov and Stepanov, 1963) have
shown a similar trend of a signiﬁcantly stiﬀer dynamic response as does a comparison of shock (Borg
et al., 2005; Trunin et al., 2001) and quasi-static compaction data for SiO2 from the present investigation
as shown in Fig. 15. Compared to the static results, the shock data are signiﬁcantly stiﬀer except for the
1.55–1.57 g/cm3 case. Shock data from Trunin for 0.80 g/cm3 is for anhydrous silicic acid, while that for
1.35 and 1.55 g/cm3 is for quartz powder. Grain sizes are described as being from a fraction of a micron to
100’s of micron. The 0.77 g/cm3 result of Borg et al. was obtained for a pre-compressed amorphous silica pow-
der. Material used in the current experiments was quartz crystals with grain sizes less that 44 lm (q00 = 1.40
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Fig. 14. Detail of elastic precursor in aluminum sample plate illustrating decrease in rise time with increased shock stress in the WC
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3). Although there are diﬀerences between the mate-
rials used in the various investigations, the dynamic results are clearly stiﬀer. Conversely, aluminum nitride
(Gourdin and Weinland, 1985) shows only a slightly stiﬀer response under dynamic loading.
It seems likely that the stiﬀening under dynamic loading is related to the narrow region of deformation in
the shock front. For example, a shock rise time of 100 ns and a shock velocity of 1 km/s, which are close to the
values for experiments III and IV, imply a shock front thickness of about 100 lm. This would be only about
three to ﬁve grains thick, and higher stresses would result in an even narrower front. Such a narrow shock
front results in very high stress gradients, something not present in static compaction. Within the narrow
shock front, grains probably deform locally at contact points, perhaps to the melting point (2870 C for
WC at ambient pressure), and fracture. In contrast, under static loading, grains can move and rotate in coop-
eration with other grains over a relatively long distance (Redanz and Fleck, 2001; Zavaliangos, 2002). If fur-
ther investigation conﬁrms that the trend of a stiﬀer dynamic response is generally applicable, it will need to be
accounted for in order to accurately predict the dynamic response from quasi-static data.
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manner. Elastic behavior during reshock has been seen for fully dense ceramics such as B4C (Vogler et al.,
2004) and Al2O3 (Reinhart and Chhabildas, 2003) as well as AlN powder (Gourdin and Weinland, 1985).
Given the very high strength of ceramics such as WC, and the presumably even higher strength of individual
ceramic grains, it is quite possible that the compacted powder has suﬃcient stiﬀness to reload in an elastic
manner. However, given the error bars associated with the Hugoniot and reshock states, which are just barely
large enough for the reshock states to lie along the Hugoniot, this conclusion should be regarded as prelimin-
ary until supported by additional data.
The material properties controlling the compaction process are not well understood. For example, under
quasi-static compaction WC powders with diﬀerent size distributions showed minimal variation in response
(Fig. 7), while particle morphology had a much more signiﬁcant eﬀect (Fig. 8). Somewhat diﬀerent responses
are seen for Teﬂon particles of diﬀerent sizes (28 lm vs. 534 lm) (Holt et al., 1996), while diﬀerences in the
onset of reaction were seen for Ti–Si (Thadhani et al., 1997). Results for sand (Bragov and Grushevskii,
1993; Dianov et al., 1976), though, show a dramatic eﬀect of particle size distributions, even for relatively
small diﬀerences in average particle size. Given the paucity of data on the eﬀect of powder size distribution
and morphology, the question of how diﬀerences in microstructure aﬀect dynamic compaction remains an
open one.
It is important to address whether the Hugoniot states calculated in Section 4 represent true equilibrium
states. From a mechanical standpoint, voids on the order of the grain size (20–30 lm) close at a rate related
to the particle velocity (1 km/s), leading to an equilibration time of 20–30 ns. Thus, mechanical equilib-
rium is likely achieved. On the other hand, thermal equilibrium is more diﬃcult to demonstrate. There is
signiﬁcant evidence of non-uniform heating in shocked granular materials: microstructures of recovered
samples indicate that zones of localized melting can occur, and optical techniques have detected regions
with very high temperatures (see Chapter 5 of Nesterenko, 2001). Heating is probably concentrated on
the surface of particles where granular sliding or fracture may occur. To assess the issue of thermal equi-
librium, a simple transient heat conduction analysis was performed. Values for the speciﬁc heat and conduc-
tivity of WC were assumed to be constant at their ambient values, and the change in internal energy DE of
the material as calculated from the Rankine–Hugoniot relationship for conservation of energy across a
steady wave is given byDE ¼ 1
2
rH þ 1q00
 1
qH
 
: ð13ÞA spherical domain with diameter 15 lm and an insulated boundary was assumed, and the internal energy
calculated from Eq. (13) was assumed to be deposited in a thin (0.5–2 lm) layer on the surface of the sphere.
Finite diﬀerence transient heat conduction calculations as well as a closed-form solution (Carslaw and Jaeger,
1959) were used to determine the equilibration time for these conditions. It was found that a temperature ﬁeld
with a radial variation of 5% took over 1200 ns to achieve, much longer than the rise time for the steady waves
observed. Halving the diameter, as might occur due to particle fracture, reduces this equilibration time by a
factor of four, though equilibration still requires around 300 ns. Even ﬁner crushing would lead to faster equil-
ibration. This analysis is conceptually the same as the ‘‘skin’’ model of Nesterenko (2001) for linear strips,
which results in an equilibrium time on the order of 2000 ns. Mesocale simulations of compaction of sugar
(Trott et al., submitted for publication) have shown persistent variations in density and pressure after
300 ns, albeit for signiﬁcantly larger grains. Based on the simple heat conduction analysis as well as other re-
sults from the literature, it seems likely that thermodynamic equilibrium is typically not obtained over the time
scale of the wave rise time for partially compacted powders.
Previous experimental data for the dynamic compaction of powders and porous materials tend to have
more scatter than fully dense material due to factors such as sample-to-sample variations in initial density,
non-uniform distribution of porosity within the sample, and the inherent sensitivity of the governing equations
to small variations in the measured quantities. The experimental technique described in this report was
designed to reduce this variability in the experimental results. This eﬀort was largely successful as can be seen
in modest uncertainties in Fig. 13 and the good agreement in Hugoniot states between experiments WC-I and
II and between WC-III and IV.
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things: the initial density, the shock velocity, and the shock and release behavior of aluminum. As a result, the
experimental uncertainties have been estimated, and their eﬀects upon the calculated Hugoniot and reshock
states have been rigorously determined.
The current experiments provide insight into diﬃculties that might be encountered when investigating por-
ous materials. First, care must be taken to ensure that the shock velocity is measured for a steady wave. In this
investigation, steadiness is veriﬁed by multiple interferometry measurements, but conﬁgurations that include
only a single gage or optical measurement for the propagating wave will not be able to conﬁrm steadiness
(Anderson et al., 1994; Gourdin and Weinland, 1985; Holman et al., 1994; Holt et al., 1996; Sheﬃeld
et al., 1997; Thadhani et al., 1997; Vandersall and Thadhani, 2003). In fact, the present investigation appears
to be the ﬁrst time-resolved veriﬁcation of a steady-wave structure for a compaction wave in a powder. Based
on the propensity for steady waves to form in powdered materials (in less than 1 mm for WC) we expect that
most, if not all, waves measured after traversing powder samples in the above studies were steady. However, in
all cases the input wave was diﬀerent from the output wave, potentially leading to errors in the measurement
of shock velocity. Secondly, the wave must be unattenuated by release from the edge of the ﬁxture or the rear
of the impactor, and there should be some means to verify that the wave is unattenuated. Again, multiple
gages are the best means to do this. The problems of attenuation and edge release are exacerbated by the very
low sound speeds of the powder compared to metals that might be used to make a ﬁxture. The use of PMMA
in the current ﬁxture partially ameliorates this problem.
6. Conclusions
The static and dynamic compaction of a 56% dense tungsten carbide powder has been experimentally inves-
tigated to 1.6 and 5.9 GPa, respectively. These results are the ﬁrst quantitative compaction measurements for
WC powder and provide one of the very few data sets allowing comparison of static and dynamic response.
The static compaction process for nearly uniaxial strain conditions involves rearrangement of particles,
breaking of small pieces from the edges and corners of grains, and wholesale fracture of grains. Cyclic and
monotonic responses are essentially identical, as are responses for as-poured and vibrated materials. However,
the responses for two varieties of WC powder were signiﬁcantly diﬀerent, though the reason for this is not
clear.
Dynamic compaction experiments were conducted at three impact velocities using a novel experimental
conﬁguration. Steady, structured waves were observed, and excellent sample-to-sample repeatability was
achieved. Based on the velocity of the compaction waves and the known response of aluminum, the shocked
state of the powder was calculated. The dynamic compaction response is signiﬁcantly stiﬀer than the static
response, probably because of the narrow zone (3–5 grains) of the compaction wave over which deformation
must occur. This appears to be a general trend for powders even though the supporting data is still somewhat
limited. In addition to the shocked state, a reshock state was also determined from the measured VISAR
velocity. The reshock states are stiﬀer than the initial dynamic compaction response for the powder, suggesting
that it displays some sort of elastic behavior upon reloading.
Areas worthy of further investigation in the future include identiﬁcation of dynamic deformation mecha-
nisms through recovery of shocked powder and the study of one or more additional ceramic powders to deter-
mine if the trends observed for WC are generally true, especially the relationship between dynamic and static
compaction responses. Similarly, the eﬀects of particle size distribution and initial powder density on dynamic
response should be clariﬁed. Since static experiments are much simpler and cheaper to perform, a relationship
between static and dynamic responses that was applicable to multiple systems would be very valuable. Exper-
iments at higher velocities would determine the stress level for full compaction, the crush strength of the pow-
der, and at what point thermal eﬀects cause a signiﬁcant deviation from the fully dense Hugoniot (Trunin,
2004). It is possible that the crush strength of a ceramic powder is somehow related to the HEL of the fully
dense ceramic, but there appears to be no detailed study of this issue.
Because of the many parameters that can aﬀect dynamic compaction behavior and the expense of shock
experiments, a computational modeling eﬀort similar to that performed for copper (Benson, 1995) would
greatly complement the experimental work. In such an investigation, the relative importance of aspects such
656 T.J. Vogler et al. / International Journal of Solids and Structures 44 (2007) 636–658as particle size distribution, particle shape, fracture strength, ﬂow stress, etc. could be determined relatively
easily. While an Eulerian ﬁnite element code was suitable for the relatively soft grains of copper, another
approach such as an ALE (arbitrary Lagrangian–Eulerian) formulation or the discrete element method
(Jensen et al., 2001; Tang et al., 1997) may be needed in order to account for granular sliding, strength,
and fracture.
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